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The sulfhydryl group has been considered to
play an important role in melanin formation
in melanocytes (1). Rothman (2) and Fleseh
(3) have observed that inhibition of melanin
formation by aqueous extracts of isolated hu-
man epidermis was due to heat-stable, dialyz-
able, non-protein-sulfhydryl compounds. A di-
rect relationship was demonstrated between
the suifhydryl concentration and the inhibitory
power of extracts of human epidermis. It was
confirmed later by Lerner et at. (4) that thiol
compounds exerted most of the inhibitory ac-
tion by combining with the copper required
for enzymatic activity. The inhibition caused
by thiol compounds could be reversed by the
addition of an excess of euprie ions. An inverse
relationship between the content of sulfhydryl
group and the formation of melanin in melano-
cytes has been observed in three mouse mela-
nomas (5). The mechanism of the inhibitory
effect on melanin formation, however, now ap-
pears to be more complicated than it was
thought earlier (6, 7, 8).
In this paper the inhibitory effects of thiol
compounds on tyrosine hydroxylase and tyro-
sinase in melanosomes isolated from Harding-
Passey mouse melanoma are described, and an
in vitro study of the reaction between an oxida-
tion product of 3, 4-dihydroxy-phenyl-L-ala-
nine (dopa) and glutathione in the presence of
mammalian tyrosinase is reported.
MATERIAL AND METHODS
1. Preparation of soluble tyrosinose and melano-
somes. The soluble tyrosinase was prepared from
smooth surface membranes isolated from Harding-
Passey mouse melanoma by papain digestion (9).
Digestion was carried out for 14 hours in 0.1 M
phosphate buffer, pH 7.0, at 0° C. After incubation
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the digest was centrifuged at 105,000 x g for one
hour, and the supernatant was lyophilized, redis-
solved in cold water and placed on a Sephadex
G-100 column (35 em x 2.5 em). The column was
then eluted with 10 mM phosphate buffer, pH 7:0,
and 3 ml fractions were collected. The protein
content in the eluates was measured from the ab-
sorption at 280 mgi and the tyrosinase activity was
measured eolorimetrieally by the initial rate of
increase in optical density (expressed as AE/10
mm.), with 1 mg of L-dopa in M/l0 phosphate
buffer pH 6.8 (10). The optical density was de-
termined with the Klett-Summerson photoelectric
colorimeter at 400 mgi (iXE = scale reading). The
fractions which contained tyrosinase activity but
not papain activity were combined and used as a
soluble tyrosinase. The sample contained AE 2624/
min./mg. of protein. Melanosomes were prepared
according to the method of Seiji et at. (11).
2. Chemicol.s. Glutathione and radioactive gluta-
thione prepared from yeast grown in radioactive
sulfulie acid media (12) were obtained from the
Research Laboratory of Yamanouchi Pharmaceuti-
cal Company, Ltd. L-dopa-"C and L-tyrosine-
3,5°H were obtained from the Radiochemieal
Center, Amersham, Buekinghamshire, England.
3. Estimation of the optical densities of the re-
action mixtures. The spectra of the reaction mix-
tures were periodically recorded with a Hitachi Re-
cording Speetrophotometer Type EPS-2. In each
ease, the reaction mixture was 3.0 ml, and con-
tained 0.15—0.19 mM L-dopa, 0.025—02 mM gluta-
thione, 0.1 M phosphate buffer, pH 6.8, and aE
25.5/10 mm. of tyrosinase or zXE 24/10 mm. of
melanosomes. The cell holding compartment was
kept at 37° C. The control containing the buffer
solution used.
4. Paper eleetrophoresi.s. For analysis by paper
eleetrophoresis, the reaction was stopped at the
end of a certain period by immersing the reaction
mixture into acetone chilled with dry ice; then
the reaction mixture was lyophilized. The lyoph-
ilized mixture was dissolved in 2 ml of solvent
immediately before the analysis. Paper eleetro-
phoresis was carried out at 80 volts per em (of
length) for a period of 2 hours. The solvent was
pyridine/acetie acid/water (1:10:89), pH 3.6. A
glutathione solution containing N-ethyl maleimide
and an L-dopa solution were run at the same time
as references.
5. Detection of radioactive compounds and
counting methods. Radioactive comnounds on the
eleetrophoreogram were detected by autoradiog-
raphy using SAKURA X-ray film N. Radioaetivi-
ties were also detected using a Nihonmusen Paper
Chromatogram Scanner Tyne PCS-2B.
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All counting was done in glass vials in a Packard
model 3203 spectrometer. The standard HOH was
added to duplicate vials of about 20% of the HOH
samples from each experiment. The individual
efficiencies were always in good agreement, and an
average efficiency was calculated for all 8110H
samples of each experiment. Tritium was counted
at efficiencies of 8 to 14% samples with 1 ml of
water; the counting efficiency for '4C and was
about 40%.
6. Determination of tyrosine hydroxylase ac-
tivity. Tyrosine hydroxylase activity of melano-
somes was determined by a modification of the
procedure of Pomerantz (13). The reaction mixture
contained the following for each 500 l volume:
L-tyrosine-3,5 3fl, 1 zmole, 20 tc/m1, L-dopa 0.1
mole, potassium phosphate buffer, pH 6.8, 0.2
M and enzyme (AE 30/10 mm.). The incubation
temperature was 37° C and the reactions were
stopped at the end of 15 minutes with 100 l of 1
M trichioroacetic acid. To measure a11011, the
acidified reaction mixture was mixed with Norit A,
and filtered after 20 minutes through a Millipore
Filter. 100 /hl of the filtrate was dissolved in 10 ml
of dioxan scintillator fluid and counted.
When L-dopa-'4C or glutathione-35S which was
incorporated into the melanosomes was measured,
an aliquot of treated melanosomes was suspended
in 10 ml of dioxan scintillator fluid and counted.
7. Determinations of the inhibitory effect of
glutathione and cysteine on tyroxinase and tyro-
sine hydroxylase. Tyrosinase activity was deter-
mined on L.-dopa by the method of Shimao (10).
Varying amounts of each compound were allowed
to incubate with a constant amount of enzyme in
the reaction tube at 37° C for a certain period.
Then the respective enzyme activities were de-
termined.
8. Incorporation of glutathione-S and L-dopa-
14C in vitro by melanosomes i.solated from Harding-
Passe p mouse melanoma. Melanosomes (XE 25/10
mm.) to be assayed were incubated at 37° C with
1 C L-dopa-'4C (2.46 me/mM), 2 mM glutathione
0.1 M phosphate buffer, pH 6.8, and 1 mM L-dopa.
In another experiment, melanosomes (E 25/10
mm.) were incubated with glutathione-°S (73335
c.p.m.), 1 mM L-dopa, 0.1 M phosphate buffer, pH
6.8, and 2 mM glutathione. At the end of incuba-
tion, an aliquot of reaction mixture was centri-
fuged at 100,000 x g for one hour. Precipitated
melanosomes were subjected to counting for radio-
activity.
RESULTS
The Inhibitory Effect of Glutathione
and Cysteine on the Oxidation
of Dopa by Soluble
Tyrosino.se
The per cent activity of tyrosinase treated
with a given compound relative to that of con-
trol tyrosinase was calculated from the rate of
the maximum values of the absorbancy during
10 minutes for the respective reaction mix-
tures. The inhibition curves for glutathione
and cysteine were the same general S-shaped
form. The negative logarithms of the inhibitor
concentration producing 50% inhibition (pKi)
by glutathione and cysteine were 3.21 and 3.59,
respectively.
The Inhibitory Effect of Glutathione and 0ys-
teine on. the Tyrosine Hydroxylase
Activity of Melanosomes
The per cent activity of tyrosine hydroxylase
treated with a given compound relative to that
of control tyrosine hydroxylase was calculated
from the rate of formation of °HOH from L-
tyrosine-3 ,5H. The inhibition curves for gluta-
thione and cysteine were the same general S-
shaped form. The negative logarithms of the
inhibitor concentration producing 50 per cent
inhibition by glutathione and cysteine were 1.35
and 2.13, respectively.
Spectroscopic Observations
The spectra observed during the reaction of
dopa and tyrosinase with and without gluta-
thione are shown in Figures 1 and 2. During
the enzymatic oxidation of dopa, transitory ab-
sorption maxima developed at 310 and 480 m
t. Poorly defined intermediate spectra devel-
oped during the subsequent polymerization of
the quinones, and general absorption gradually
appeared, as shown in Figure 1. However, when
the same oxidation was carried out in the
presence of glutathione, new absorption spectra
with maxima at 258 my. and 365 my. ap-
peared (Fig. 2).
The enzymatic oxidation of dopa was carried
out with various concentrations of glutathione.
Figure 3 shows the absorbancies of dopachrome
and the glutathione-derived reaction product
after 40 minutes, plotted against concentration
of glutathione. It indicates that the amount of
dopachrome formed is inversely related to the
concentration of glutathione, while the amount
of glutathione-derived compound formed in-
creases with increased glutathione up to the
equimolar amount of dopa. The soluble tyro-
sinase used had almost no absorbancy above
400 my.. The inhibitor effect of glutathione
at a concentration twice that of L-dopa on
tyrosinase of melanosomes in vitro was ob-
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Fic. I. Spectroscopic changes occurring during the oxidation of dihydroxyphenylalanine(dopa), 0.19 X 10 M in 0.1 M phosphate buffer, pH 6.8 by soluble tyrosinase (zE 25.5/10
miii.).
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served spectroscopically. No increase in the
optical density was observed even at the end of
360 minutes and it means that melanization of
the melanosomes in vitro did not take place
under such experimental conditions.
Separation of the Glutathione-Derived
Compound by Paper
Electrophoresis
At the end of electrophoresis of the reaction
mixture, the paper was dried and sprayed with
Dopa 0.19 X 103M
Tyrosinase zl 625.5/10mm.
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Fw. 2. Spectroscopic changes occurring during the oxidation of dopa, 0.19 X 10 M, and
in the presence of glutathione, 0.1 X 10 M and soluble tyrosunase (zE 25.5/10 miii.) in
0.1 M phosphate buffer, pH 6.8.
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FIG. 3. Absorbancies of dopachrome and gluta-
thione-derived reaction product, after 40 minutes
of tyrosinase action, plotted against concentration
of glutathione. Curve with x: the solutions con-
tained 0.15 x 10 M dopa, glutathione, and AE
25.5/10 mm. of tyrosinase per 3 ml, in 0.1 M phos-
phate buffer at pH 6.8; the absorbancy was meas-
ured at 480 mt. Curve with circle: absorbancy of
the glutathione-derived reaction product formed
in solutions identical to those used for curve with
x, at 258 mp; the absorbancy of dopachrome was
subtracted from the total absorbancy of the solu-
tion.
ninhydrin reagent. There were four ninhydrin
positive spots: one (D) was at the cathode side
and the other three (A, B, C) were at the anode
side. When they were identified aocording to
the reference run at the same time, the three
spots (A, B, C) were detected as oxidized glu-
tathione, glutathione and the new reaction
product in order from the starting line. The
spot (13) located at the cathode side was found
to be dopa.
In order to discover the chemical composi-
tion of the new reaction product, glutathi-
one-85S and L-dopa-14C were used instead of
glutathione and L-dopa respectively. After
paper eleetrophoresis was completed, an auto-
radiogram was made and their radioaetivities
were recorded with the paper ehromatogram
scanner. It was found that glutathione-22S and
L-dopa-'4C were incorporated into the gluta-
thione-derived reaction product (Fig. 4, 5).
The glutathione-derived reaction product,
glutathione and dopa were eluted with dis-
tilled water from their respective spots on the
paper eleetrophoreogram. The absorption spec-
trum of each eluate is shown in Figure 6. The
Fso. 4. Electrophoreograms of the reaction mixture in which oxidation of dopa, 8.1
pmole, took place in the presence of glutathione-S, 0.91 pmole, and soluble tyrosiaase
(aE 25.5/10 mm.) in 0.1 M phosphate buffer, pH 6.8. Paper eleetrophoresis was carried out
at 80 volts per cm (length) for a period of 2 hours. Solvent was pyridine/acetic acid/water
(1:10:89), pH 3.6. Four spots, A, B, C, and 13 were detected by the ninhydrin reagent
and identified as oxidized glutathione, glutathione, the new compound and dopa. An
autoradiogram was taken and the radioactivity recorded by a paper ebromatogram scanner.
The spots of the new compound, as well as glutathione, were radioactive. Top: record
of the paper chromatogram scanner; middle: paper chromatogram; bottom: autoradiogram.
(El
1.5 04M
L Tyroshiase AE 25.5/10mm
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Fio. 5. Electrophoreogram and autoradiogram of the reaction mixture in which the
oxidation of doaa-"C + dopa, 0.19 >< 10 M, took place in the presence of glutathione,
0.1 >< 10° M, and soluble tyrosinase (zXE 25.5/10 mm.) in 0.1 M phosphate buffer, pH 6.8.
Paper electrophoresis was carried out under the same conditions as shown in Fig. 5. A, B, C,
and D were identified as oxidized glutathione, glutathione, the new compound and dopa,
respectively. The new compound and dopa were radioactive. When the reaction mixture
in the absence of glutathione was run as a reference, only the dopa spot was found, and
black materials, possibly polymerized products of the dopa oxidation, remained at the
starting line. Top: autoradiogram; middle: paper chromatogram; bottom: paper chromato-
gram of the control experiment.
cluate of the glutathione-derived reaction
product shows two absorhancics at 258 m and
295
Incorporation of L-dopa-'4C and
Glut at hione-353 in vitro
by Melanosomes
The time course of incorporation of L-
dopa-14C into the melanosomes is given in
Figure 7. Immediate rapid labeling of the
melanosomes was observed, but when 2 mM
glutathione was present in the reaction mixture,
labeling of the melanosomes did not take place.
L-dopa-14C incorporated into the melanosomes
but the glutathione-derived reaction product,
which consists of glutathione and probably
dopaquinone derived from L-dopa-'4C, did not
show any incorporation. The time course of
incorporation of glutathione-3S into the mela-
nosomes was studied in the same way. No
incorporation of glutathionc-35S by the melano-
somes was observed. This observation con-
firmed the experimental results detailed above.
DIscUssION
The present study demonstrates the forma-
tion of reaction products between sulfhydryl
compounds and derivatives of dopa in essen-
tially two ways: spectroscopy and paper
electrophoresis. The formation of a glutathione-
derived new compound was shown by the de-
crease in dopachrome, which showed diver-
sion of dopa in the direction of the sulfbydryl
compound, and the distinctive absorption
properties of the glutathione-derivcd compound
at 258 mc in the presence of dopachrome and
other substances. A reciprocal relationship was
found to be present between the concentrations
of dopaehrome and the glutathione-derived
compound. Under the similar experimental con-
dition using the mushroom tyrosinase, Roston
(7) demonstrated a reaction of equimolar
amounts of the sulfhydryl group and oxidation
product of dopa and that an increase in
sulfhydryl concentration led to an equimolar de-
crease in dopachrome formation. When glutathi-
one and dopa were incubated without tyrosinase
under the same experimental conditioas, the ab-
sorption spectrum of the reaction mixture was
equivalent to the combined spectra of gluta-
thione and dopa. In other words, no new com-
pound was formed. It seems most likely, there-
fore, that dopaquinone will combine with
glutathione.
Although the chemical structure of the glu-
tathione-dcrived reaction product has not yet
been determined, it was shown that the gluta-
thionc-derived compound consisted of glutathi-
one and dopaquinonc from paper electro-
phoretic experiments. The glutathionc-derived
reaction product was extracted from the paper
electrophoreogram and the absorption spec-
trum of the new product showed a characteris-
tic absorbancy at 258 mit. Another quinone
derivative formed during the tyrosine-melanin
reaction is indole-5 ,6-quinonc. Mason et al.
(6, 8) studied the reaction between quinones
and sulfhydryl compounds using 5, 6-dihy-
droxyindole as a substrate and found that
indole-5, 6-quinone also combined with sulfhv-
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dryl compounds and formed a new compound,
which showed the characteristic absorbancy at
365 m.
When melanosomes were incubated with L-
dopa and glutathione (at a concentration twice
that of L-dopa), melanization of melanosomes
was not brought about. This experimental re-
suit indirectly supports the previous hypothe-
sis, in which it is proposed that there is an
inverse relationship between the sulfhydryl
content and the melanin content of melano-
somes in melanomas (14).
According to Bouchilloux and Kodja (8),
thiol-derived reaction products are relatively
stable, non-indolic orthodiphenol e aminoacids,
and seem to be capable of polymerization in
oxidizing media or of eopolymerization in the
presence of the addition compound dihydroxy-
indole-thiol. Using L-dopa-'4C and glutathi-
one-'5S, the relationship between melanosomes
and the glutathione-derived reaction product in
the reaction medium was studied. As shown
in Figure 7, incorporation of this compound
into melanosomes did not take place. It may
0.8
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FIG. 6. Absorption spectra of dopa, glutathione and the glutathione-derived reaction
product eluted from their respective spots on the paper electrophoreogram. The glutathi-
one-derived reaction product showed two absorbancies at 258 and 295 m.
Incorporatian of '4C-Dopa by Melanosomes
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Fsc. 7. Time course of the incorporation of
L_dopan4C into the melanosomes of Harding-
Passey mouse melanoma. The specific radio-ac-
tivity (counts per minute per mg protein) was de-
termined at various incubation times.
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thus be assumed that these thiol-derived reac-
tion products do not polymerize, and remain
soluble in the reaction medium. From the fore-
going, it may be seen that thiol compounds will
inhibit melanin formation in such a way as to
trap intermediates of the tyrosine-tyrosinase
reaction, hence ordinary polymerization of
melanin precursors can't take place.
The oxidation of dopa by soluble tyrosinase
isolated from Harding-Passey mouse melanoma
was inhibited by cysteine and glutathione. The
pKi values of cysteine and glutathione obtained
by the colorimetrie method employed in this
series of experiments were slightly different from
those obtained by the oxygen uptake method
(4). Since it has been shown that glutathione
combines with certain intermediates of the
tyrosine-tyrosinase reaction and produces new
compounds, both the colorimetric and the oxy-
gen uptake methods were found to be unsuit-
able for studying the inhibitory mechanism of
these thiol compounds against tyrosinase. The
determination of tyrosine hydroxylase activity
described by Pomerantz (13) is considered to
be a suitable method for this purpose, since
tyrosine hydroxylase deals with only one en-
zyme reaction from tyrosine to dopa. The pKi
values of cysteine and glutat.hione obtained on
tyrosine hydroxylase were much smaller than
those on tyrosinase.
The level of glutathione in the blood of hu-
man was reported to be 18 5 mg per 100 ml
(6 >< 10 M) (15), at this range practically no
inhibition of tyrosinase was expected from the
pKi value of glutathione obtained. It is possible
to assume, therefore, that in the melanocyte
the inhibitory effect of thiol compounds on
melanin formation is mainly due to the forma-
tion of thiol-derived reaction products and not
the inhibition of Ivrosinase.
SUMMARY
The formation of new chemical compounds
resulted from the presence of 3-4-dihydroxy-
phenylalariine, glutathiorie and mammalian tyro-
sinase in solution at pH 6.8. The existence of
chemical bonding between glutathiorie and an
oxidation product of dopa, probably dopa-
quinone was demonstrated. The glutathione-
derived reaction product remained soluble in
the reaction medium and did not precipitate
on the melanosomes. The pKi values of gluta-
thione and cysteine on tyrosine hydroxvlase
were much smaller than those on tyrosinase.
The inhibition of tyrosine melanin formation
by sulfhydryl compounds may take place in
two ways: by inhibition of the enzyme tyro-
sinase, and by the formation of new compounds
in which intermediates of the tyrosine-tyrosin-
ase reaction are trapped by the sulfhydryl
compounds. It is possible to assume, however,
that in the melanocyte, the inhibitory effect is
mainly due to the formation of thiol-derived
reaction products and not to the inhibition of
the enzyme tyrosinase.
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